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S1. Discussion 

Oxidation of carbon materials generates not only oxygen-containing functional groups 

covalently attached to the surface but also oxidative debris (or fulvic acids) that become 

adsorbed on graphitic surfaces and can only be removed through extensive washing in a base 

solution.
1
 The oxidative decomposition products of graphenes are expected given that similar 

observations were observed for acid-oxidized carbon nanotubes,
2
 which comprise of graphene 

sheets. The presence of oxidative debris, which may account for up to 30 % of the total mass 

of the sample, has a significant effect on the stability of nanocarbon suspensions in aqueous 

solution. Herein, single layer graphene oxide (SLGO) was cleaned by washing with an alkali 

solution to ensure removal of fulvic acids from the material, with the regeneration of acidic 

groups in an acid wash, which is similar to that reported for oxidized CNTs
3
.  

The single-layer of SLGO was confirmed through atomic force microscopy, which 

revealed a step height of 0.5 to 0.7 nm corresponding to a single layer. The total number of 

functional groups (including carboxylic, lactone and phenolic environments on the surface of 

carbons that are capable of titrating)
4
 of SLGO was found to be ca. 7.5 mmol g

-1
.
5
 For a sheet 

of SLGO, the periphery has a capacity of around 0.3 at% of acidic groups, which implies that 

the remainder of oxygen-containing groups has to be distributed across both sides of the 

graphene sheet at around 10 at%. The type and distribution of oxygen-functional groups has 

also been studied using a variety of techniques including solid state NMR, XPS and micro-



Raman, AFM and STM,
6, 7

 etc. and the structure of this SLGO appears to conform to that of 

the Lerf model
8
 and in morphology to that of SLGO used elsewhere.

6
  

 In the absence of acid/base consuming impurities, the net proton consumption in 

potentiometric titrations is equal to the net proton surface excess amount, which is assigned to 

the pH-dependent surface charging; its sign indicates the sign of charges formed, and its 

absolute value equals to the specific amount of negatively charged acidic groups (Fig. S1). 

 

 

Figure S1. Zeta potential over pH range (SLGO 0.1 mg/L) 

 

As the pH changes from acidic to alkaline, the morphology of the SLGO undergoes a 

dramatic change and appears more folded through internal collapse of individual sheets (Fig. 

S2), which might, in addition to the change of surface charge, also account for the better 

stability of SLGO in aqueous solution at high pH whereas the agglomeration of numerous 

sheets at low pH causes SLGO to fall instantly out of solution.  

 

 



 

Figure S2. TEM image of SLGO dried from a pH 12 solution. 

 

 TGA analysis revealed a 5 % mass loss between 100 and 150 
o
C rising to a 28 % mass 

loss at 250 
o
C (Fig. S3). The former is likely due to residual water in the system, whereas the 

latter is due to loss of functional groups and structural degradation.  

 

 

Figure S3. TGA profile of SLGO in nitrogen. 

 



According to theoretical estimations, the specific surface area of single-layer graphene 

(SLG) composed of single/double carbon sheets can be about 2600-2700 m
2
/g,

11
 close to the 

maximum characteristic for carbon materials (approximately 4200 m
2
/g, estimated for single-

layer nanosheets without formation of stacks). However, the specific surface area, SBET of 

graphene-like nanosheets determined by low temperature nitrogen adsorption techniques can 

be much lower, and the nitrogen adsorption-desorption isotherm shape shows that this 

material comprises agglomerated particles. For instance, the SBET value of few layers 

graphene systems changes in the range of 270-1550 m
2
/g, some of them approaching the SBET 

value of SLG.
 

 

 

Figure S4. (a) Powder XRD of SLGO suspended at:  (1) pH 1 and then dried and (2) pH 14 

and then dried, and (b) corresponding d-spacing values with shown boundary values for two 

and three layer structures. 

 

The XRD pattern of SLGO dried from the suspension at low pH value (Fig. S4a curve 

1) reveals a prominent peak at 2θ ≈ 11
o
 giving a d-spacing of around 0.8 nm (corresponding 

to three-layer stacks with removed middle layer) with a minor broader peak centered around 

26
o 

and a d-spacing of 0.3 to 0.4 nm (Fig. S4b curve 1) corresponding to few layers stacked in 

a near or completely nonporous arrangement similar to that in graphite or expanded graphite 



having thicker stacks (typically 100-200 nm) compared with aggregated SLGO. The XRD 

pattern of SLGO dried from the suspension at high pH value (Fig. S4a curve 2) reveals 

diminution of the 11
o
 peak, an increase of a peak around 28

o
, and the presence of a low 

intensity peak at 43
o
 (Fig. S4b curve 2). 

Liquid nitrogen adsorption isotherms (Fig. S5) and the resulting pore size distribution 

profiles were measured for degassed SLGO and compared with SLG,
11

 multi-walled carbon 

nanotubes and expanded graphite. Aggregated SLGO has a major pore fraction at 0.6 nm with 

minor contributions at 1.3 and 53 nm, which is broadly similar to that of SLG though the 

latter has a larger contribution at 1.8 nm. Herein, as SLG contains fewer defects, its pore size 

distribution profiles indicate agglomerated layering or folding within the system. Inflexible 

graphitic carbon systems, such as expanded graphite, exhibit a series of minor contributing 

pore sizes with a larger distribution at the higher end, ca. 100 nm, corresponding to voids 

between relatively thick stacks of sheets and a small portion of the discrete spacing of 

graphite layers in these stacks. However, multi-walled carbon nanotubes exhibit small pores 

at 1.8 nm, which are likely due to lattice defects in the walls, and larger pores at 15 and 50 

nm, which refer to intertube channels and voids between tubes in their aggregates. 

 

 

Figure S5. (a) Nitrogen adsorption-desorption isotherms for degassed SLGO (curve 1), SLG 

(2), exfoliated graphite (3) and multi-walled carbon nanotubes (MWCNTs) (4) (before the 

measurements SLGO, expanded graphite and MWCNTs were degassed at 150 
o
C for 2 h); 



and (b) incremental PSD calculated using the nitrogen adsorption-desorption isotherms with 

the DFT method and slit-shaped (SLG, SLGO, exfoliated graphite) and cylindrical 

(MWCNTs) pore model. 

 

Three structures were selected for SLGO and three structures for SLG, i.e. planar 

(SLGO-0 – Fig. 1a, SLG-0 – Fig. 1b), strongly bent (SLGO-1 – Fig. 1c, SLG-1 – Fig. 1d) and 

less bent (SLGO-2 – Fig. 1e, SLG-2 – Fig. 1f) geometries. The geometry of SLGO-0 and 

SLG-0 was optimized with CharMM force field
12

 and then with PM6/MOZYME
13

 using a 

maximum energy gradient per coordinates < 1 kcal/mol/A. For SLGO-1 and SLG-1, the 

geometry was optimized with CharMM force field and than with PM6/MOZYME maximum 

energy gradient per coordinates ~ 2 kcal/mol/A with very slow changes in the gradients, i.e. 

the system is in a local energy minimum. And for SLGO-2 and SLG-2, their geometry was 

calculated by continue the optimization process with PM6/MOZYME for SLGO-1, SLG-1 to 

maximum energy gradient per coordinates < 1 kcal/mol/A. The difference in the energy 

between plane and two folded structures was extrapolated to show the total energy of the 

SLGO system is lowest for SLGO-2 < SLGO-0 < SLGO-1. However, for the SLG system, 

this is reversed with the lowest energy for SLG-0 < SLG-2 < SLG-1. This difference shows 

that folding can occur more easily for SLGO than SLG. Therefore, SLG tends to form stacks 

through intersheet layering, which is confirmed by the nitrogen isotherm shape with narrow 

hysteresis loop, whereas SLGO forms more complicated structures and the isotherm of a 

heated sample has an open hysteresis loop (Fig. S5). 

  

 



 

Figure S6. MD (CharMM force field)
12, 14

 simulations of (a, f) hydrated folded SLGO under 

different drying rates and different temperatures: (b, c, g) 150 
o
C and (d) 0 

o
C for 20 ps; (e) 

structure shown in (d) was cooled at 200 K and optimized; structures (a), (e) and (f) are with 

the optimized geometry; sheet sizes: (a)-(e) 20.8×3.9 nm
2
 and (f), (g) 20.9×7.9 nm

2
. 

 



 

Scheme S1. The conformational changes of an SLGO sheet are caused by the close proximity 

of oxygen-containing groups on the same side of SLGO (peripheral O-containing groups are 

not shown). When deprotonation with hydroxide ions of oxygen-containing acidic groups 

occurs, the repulsion (heavy black arrows) causes the surrounding graphene layer to fold 

away. When the system is protonated with hydrogen ions, the planar architecture is restored.  

 

 

 



Figure S7. (a) Raman spectra (excitation at 514 nm) of SLGO (1, 2) and exfoliated graphite, 

EG (3, 4) initial (1, 3) and heated (2, 4) at 150 
o
C for 2 h in vacuum, (b) deconvolution of the 

D and G bands (using the Gaussian functions) of heated SLGO and spectrum of heated EG, 

and microimages (×500, DMLM Leica microscope) of the SLGO samples (c) initial and (d) 

degassed/heated. 

 

The Raman spectra also showed sharpening and increase in intensity of the D (sp
3
 

structures) and G (sp
2
 structures) bands (Fig. S7) after SLGO heating, which indicates 

enhanced sheet-sheet interactions. Raman spectrum of initial SLGO (Fig. S7, curve 1) shows 

G band at 1600 cm
−1

, D band at 1352 cm
−1

 and weak second order features observed for 

heated SLGO sample at 2950 and 2700 cm
−1

. There is a 5 cm
−1

 blue shift of the G band of 

SLGO in comparison with that of exfoliated graphite (Fig. S7b). Both D and G bands of 

heated SLGO are broader than the G band of EG as well as the band of the second order 

features at 2950 and 2700 cm
−1

. Changes in the thickness of the heated SLGO structures are 

reflected in the color changes of images since the initial SLGO has rainbow image (Fig. S7c), 

but the collapsed structure of heated SLGO is dark grey and opaque (Fig. S7d). 

Deconvolution of the spectrum of heated SLGO gives three bands for the D band and 

three bands for the G band (Fig. S7b). This result can be explained by certain disorder (similar 

to that observed with XRD method (Fig. S4) in the SLGO sheets and non-graphitic structure 

of the sheet aggregates because of the presence of many O-containing functionalities 

distributed over the whole area of the sheets. The SLGO spectrum has a band at 2950 cm
−1

 

which is absent in the spectra of exfoliated graphite. This band can be attributed to C-H 

groups in SLGO. For EG, the D band is very weak in contrast to SLGO, i.e. exfoliated 

graphite keeps the major portion of the graphitic sp
2
 structures.  
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